aerial photograph / Alnus glutinosa (L.) Gaertn. / dendrochronology / land abandonment / secondary succession / wetland Abstract • The secondary succession of wet grasslands to communities of alder carr dominated by Alnus glutinosa was recorded in different parts of Europe during the 20th century. However, knowledge of such development of alder carr remains insufficient.
INTRODUCTION
Alder carrs are forests dominated by black alder (Alnus glutinosa (L.) Gaertn.) that occur in habitats with high, stagnant groundwater levels (Ellenberg, 1996) . Due to their specific hydrological regime and their rare occurrence, alder carrs are considered an endangered forest community in Europe (Ellenberg, 1996) .
The natural dynamics of alder carr have been discussed in several studies. Both autogenic drivers (Pokorný et al., 2000; Tucker and Fitter, 1981) and various external factors, such as the fluctuation of the groundwater table (Brock et al., 1989; Janssen et al., 1995) , the effect of windthrows (Wolf et al., 2004) and the impact of pathogens (Cech, 1998) have been reported as important for the dynamics of alder carr. Moreover, large-scale diebacks (i.e., extensive mortalities of trees or whole stands) are said to be characteristic for alder carr (Pokorný et al., 2000; Tucker and Fitter, 1981) . Large-scale diebacks commonly increase the structural diversity of vegetation types in wetland forests (Anderson and Leopold, 2002; Battaglia and Sharitz, 2006) . This enhances the heterogeneity of site conditions, such as light and water levels, at the site, important for the diversity of regenerating trees and shrubs (e.g., Battaglia and Sharitz, 2006; Jones and Sharitz, 1998) .
Many papers dealing with the dynamics of forest communities have shown that historical human management practices have influenced present forest dynamics (e.g., Foster et al., 1992; Kirby and Watkins, 1997) . Brock et al. (1989) and Stančík (1999) discussed the influence of groundwater level increase on alder carr dynamics as a result of the silting of unused drainage channels. Nevertheless, the extent of this impact on vegetation dynamics of alder carr remains unclear.
The alder carrs represent communities whose structure and development have been highly influenced by human activity for a long time. In the past, people drained sites of alder carr (Döring-Mederake, 1990; Ellenberg, 1996) and used them as coppice forests or changed them into meadows and pastures (Brown, 1988; Rybníček and Rybnicková, 1974) . In the 20th century, a return towards semi-natural communities of alder carr was mentioned in different parts of Europe (Falińska, 1991; Foster et al., 1992; Güsewell and Le Nédic, 2004) . However, knowledge about the mechanisms of succession from wet grasslands to alder carr, as well as the factors driving this process, remain largely unexplored. Similarly, secondary succession to wetland forests throughout the world has not been sufficiently investigated (but, Allen, 1997; Battaglia et al., 2002; DeSteven and Sharitz, 1997; Warren et al., 2004) .
The principal aims of our research were (1) to investigate the secondary succession from wet grasslands to alder carr at sites previously intensively managed for agriculture (i.e., wet meadows and reeds) and (2) to find out the role of fluctuations in the groundwater table, caused by artificial drainage channels, in the observed stand development. We had the following specific research questions: what were the directions of secondary succession after the abandonment of wet grasslands? What is the role played by environmental factors, and specifically by changes in the groundwater table, in the observed successional pathways and tree growth?
We postulated the following four hypotheses to explore our aims: (H1) forest cover will increase during succession due to the spread of Alnus glutinosa at the sites; (H2) whereas diversity of vegetation cover types will decrease, patch aggregation of particular vegetation types will increase during the course of succession; (H3) the extent of artificial drainage channels on abandoned grasslands will decrease over time due to silting and, thus, the magnitude and direction of succession (see H1, H2) will be modified, and (H4) as to whether local conditions will be altered during succession, the change will be generally reflected by temporal instability of the climate-growth relationship (Biondi, 1997) .
MATERIALS AND METHODS
Research on dynamic systems with short-lived tree species such as Alnus glutinosa is possible with the help of aerial photographs. In the Czech Republic, these have enabled us to understand how vegetation has developed at the selected sites since the 1930s (Škapec and Fišerová, 1999) . The radial growth of trees responds very dynamically to changes in waterlogging (Denneler et al., 2008; Lageard and Drew, 2008) . For that reason, radial increments are considered to be good indicators of disturbances of the A. glutinosa stands in individual years and, simultaneously, indirect indicators of environmental changes (Laganis et al., 2008) .
Study sites
The five largest sites of alder carr (over 9 ha; Tab. I) in the Czech Republic fully satisfying the following criteria were selected. We selected: (1) sites dominated by Alnus glutinosa in forest stands, (2) sites with an expected spontaneous development of alder carr during the 20th century upon abandonment of wet grasslands -four of the five sites are national level nature protection areas established for the protection of alder carr (i.e., nature reserves and national nature reserves) and (3) sites having no obvious sign of recent management activities. All sites are situated in the vicinity of medieval fishponds, which is a result of the fact that alder carrs occur most commonly near these fishponds in the Czech Republic (Douda, 2008) . Hydrological conditions and especially groundwater levels at the sites may thus be influenced by fishpond management techniques such as the discharging of water or the regulation of water in the fishponds.
Non-forest communities (i.e., wet grasslands and bushes) were included in the five studied sites, in addition to forest stands, since alder carr alternated with non-forest communities during the study time span. Borders of certain study sites were established so as to comprise all stands dominated by A. glutinosa as well as the grasslands in their surroundings.
A preliminary analysis of historical military maps of the 1st, 2nd and 3rd Austrian Monarchy Military Surveys (i.e., 1764 Surveys (i.e., -1768 Surveys (i.e., , 1836 Surveys (i.e., -1852 Surveys (i.e., and 1877 Surveys (i.e., -1880 , respectively) on scales of 1:25 000 or 1:28 800 (http://oldmaps.geolab.cz) showed that managed grasslands covered a large part of the studied sites in the 18th and 19th centuries. During this period, the proportion of forest was or became smaller than that of the managed grasslands at all sites, as indicated by the historical maps. These grasslands were drained by artificial drainage systems (open v-shape ditches) that regulated the groundwater E 76.7 1952, 1974, 1995 wide (top width) and 1 m deep (pers. observation). These managed grasslands were abandoned in the first half of the 20th century and were overgrown with forest via secondary succession at all sites. All study sites can be considered homogeneous in terms of general abiotic conditions. The geological basement of the sites is formed by sedimentary bedrocks of different ages. Soils are classified as Dystric and Eutric Histosols (nomenclature follows Deckers et al., 1998) . The average annual precipitation ranges from 550 to 650 mm, the average yearly temperature is 7-8
• C, and the average monthly temperature is approximately -2
• C in January and 17
• C in July (Tolasz et al., 2007) 
Aerial photographs
Panchromatic aerial photographs of all study sites (cartographic scale 1:5 000) taken from three time periods (Period 1: 1938 -1952 , Period 2: 1970 -1974 and Period 3: 1991 were scanned (600 DPI, TIFF format, pixel size 31-56 cm) (Tab. I). The spatial resolution of the aerial photographs enabled us to identify shrubs, trees and their canopy coverage. We georeferenced the scanned photographs in ArcGIS 9.1 using a colour orthophotomap from 2004-2006 (pixel size 100 cm) taken from the geoportal of Cenia, governed by the Ministry of the Environment of the Czech Republic (http://geoportal.cenia.cz). Aerial photos were geometrically rectified to a set of control points (over 10 points per site were used). To maximise the accuracy and precision of map overlays, we used control points such as roads, buildings and dams (root mean squared errors for entire images were 7 m or less). Errors due to distortion are considered to be minor because the relief is relatively flat. In order to analyse changes in the vegetation cover, each study site was subdivided in ArcGIS 9.1 using a grid with a cell size of 20×20 m. This cell size corresponds to those used in the studies that successfully identified forest dynamics using aerial photographs at sites of similar size (i.e., 14 to 76 ha) (Kennedy and Spies, 2004; Park et al., 2005) . We visually identified the vegetation cover within each cell and for each period as one of the following four vegetation cover types (VCTs): I. Non-forest (absence of bushes and fully-grown trees); II. Nonforest/forest (alternation of non-forest patches with bushes and trees, with a maximum of 70% area coverage by canopies of trees); III. Forest (minimum 70% area coverage by canopies of trees and maximum 30% area coverage by dead trees); IV. Forest dieback (minimum 30% area coverage by dead trees). In total, 354, 238, 226, 1318 and 1918 cells were evaluated at Sites 1, 2, 3, 4 and 5, respectively.
At all five sites, reconnaissance surveys were carried out in 2004 to identify the relationship between VCTs and the aerial photographs of the last period. In total, ninety-four cells were chosen by stratified random sampling across the sites in dependence on site area and VCTs, and the respective VCT of each cell was checked with field observations. The overall accuracy (Congalton, 1991) of correspondence between the VCTs recorded by field observation and aerial photographs was 94.7%. Producer's and user's accuracy (Congalton, 1991) were higher than 85%, with the exception of user's accuracy for forest dieback VCT (76.5%). We attribute the lower accuracy in the case of forest dieback to the time lag between the last aerial photographs and the year of field observation at some sites (up to 13 years). The transition time of forest stands to forest dieback may be short due to the fast dieback of trees (Pickett and Cadenasso, 2005) .
We identified the extent and direction of vegetation changes using transition matrices that express the probability of each class becoming any other class or remaining the same between two discrete time periods (Gergel and Turner, 2002) . Data on changes in vegetation cover over time were obtained by comparing the chronologically ordered VCTs of each cell. The probability of vegetation transition was calculated using Dinamica EGO (Soares-Filho et al., 2002) . A log likelihood ratio test (G-test) with Williams correction was performed to test the significance of changes in vegetation cover and vegetation transition rates between the time periods (Alados et al., 2004) using R Software (R Development Core Team, 2007) .
Landscape metrics were used for the description of structural changes in vegetation cover (Park et al., 2004) . The VCT cover of the study sites, based on a 20 × 20 m grid, was converted to raster files. Values of landscape metrics were calculated based on cell adjacencies using the spatial analysis software FRAGSTATS 3.3 (McGarigal and Marks, 1994) . The following metrics were used to describe size, diversity and aggregation of VCT patches (Gergel and Turner, 2002; McGarigal and Marks, 1994 ): Shannon's evenness index (expresses proportion among particular VCTs, ranging between 0-1; values close to 1 indicate that the proportions of each VCT are equal, while values close to 0 indicate dominance of one VCT), number of patches (total number of patches), mean patch size (average patch size measured across all VCTs), patch richness (number of different VCTs), percentage of like adjacencies of forest VCT (probability that two adjacent cells belong to forest VCT) and contagion (measures overall degree of clumping in the landscape, ranging from 0-100; a high contagion value indicates generally clumped patterns of VCTs, while values close to 0 indicate a dispersed pattern of VCTs).
The drainage channel systems were clearly visible in the aerial photographs in all three time periods. The extent of the drainage channels could not be identified in the forest VCT because the drainage channels were not visible in the aerial photographs. Therefore, the extent of the drainage channels was computed as the ratio of the length of the drainage channels (km) to the surface area (km 2 ) represented by non-forest or non-forest/forest VCTs in all three time periods. However, we considered it correct to extrapolate the effect of recorded changes to the entire area of the study site, since the non-forest or non-forest/forest VCTs covered large parts of the study sites over the whole studied period (56%, 60%, 40%, 58% and 21% at Sites 1, 2, 3, 4 and 5, respectively). We suppose that the extent of drainage channels is negatively correlated with the groundwater table (e.g., van Linderholm and Leine, 2004; van Seters and Price, 2002) . Linderholm and Leine (2004) recorded that the drainage effect of ditches decreased after a decade where the ditches were not maintained. Changes to the extent of drainage channels were tested 712p4 Alder carr development Ann. For. Sci. 66 (2009) 712 using the 20 × 20 m cell grid. The presence or absence of drainage channels was identified in each grid cell representing non-forest or non-forest/forest VCTs in the first and third time periods. A log likelihood ratio (G-test) with Williams correction using R Software was performed to compare the extent of drainage channels (expressed as the presence of drainage channel in a particular cell) between these periods.
Dendrochronology
For the purpose of dendrochronological analyses, three close study sites were chosen (Sites 3, 4 and 5) in the same climatic region of South Bohemia. In each site, a mature stand with 30 dominant living trees with no visible signs of damage was selected for sampling. Two increment cores were taken per tree to reveal and eliminate the irregularities and fluctuations of tree growth typical for diffuse-porous tree species such as Alnus glutinosa (Elling, 1966) .
Tree-ring widths were measured at an accuracy of 0.01 mm using a measuring device (TimeTable) and the Past4 software (Knibbe, 2004) . The synchronisation of the raw ring-width series was done using Past4 software (Knibbe, 2004) with the help of visual comparisons and well-established statistical parameters: tBP (Baillie and Pilcher, 1973) and GLK% (Eckstein and Bauch, 1969) . Values of tBP greater than 4.0 and GLK% values greater than 65% were considered significant. Moreover, the software COFECHA was applied as a validation tool (Holmes, 1983) . Due to individual growth characteristics and missing rings, several tree-ring series were excluded from further analyses (about 29% of the total sample size).
A two-step detrending procedure was done using the ARSTAN software (Cook and Holmes, 1986) to reduce most of the low frequency variability (i.e., age-related trends and non-climatic variations) and to amplify the common signal (Cook and Kairiukstis, 1990) . ARSTAN additionally provided a statistical description of the data set by different parameters (e.g., mean sensitivity and signal-tonoise ratio; Tab. III). In the first phase, trends were approximated by a negative exponential function or by a regression line; in the second phase, a cubic smoothing spline with 50% frequency response of 50 y was used (Cook and Peters, 1981; Lebourgeois et al., 2004) . Dimensionless indices were computed as the ratio of the observed ring width to the predicted ring-width value. Autoregressive modelling was performed on each standardised series to remove temporal autocorrelation. Site standard and residual chronologies were calculated from individual indices of each year by means of biweight robust estimation (Cook and Kairiukstis, 1990) .
To determine the synchronous extreme growth reaction of trees, we identified pointer years (Lebourgeois, 2007; Schweingruber, 1996) using the method of normalisation in a mowing window (mowing window: 5 y, thresholds of index value: ≥ 1 and ≤ -1 for positive and negative pointer years, respectively; Cropper, 1979) . The pointer year was considered when an extremely narrow or wide tree-ring was detected in at least 40% of trees per site (Meyer, 1999) .
A climate-growth relationship was investigated in the two steps using the software DENDROCLIM2002, that computes the bootstrapped response and correlation functions for single and multiple intervals (Biondi and Waikul, 2004) . First, the bootstrapped correlation (CF) and response (RF) function (Cook and Kairiukstis, 1990) were computed for the whole period . Correlation was sought between residual chronologies for Sites 3, 4 and 5 and for monthly climatic data (mean air temperature (
• C) and total precipitation (mm)) from October of the previous year's growth to September of the year of growth. In the second step, we tested temporal changes in the climate-growth relationship, applying moving correlation (MCF) and response (MRF) functions. To provide a sufficient number of degrees of freedom in analyses, the length of the calibration period was 100% greater than the number of predictors, which was 24; thus, only periods ≥ 48 y were considered. The moving window could not be longer because of an insufficient number of years. The moving functions provided a temporal set of coefficients for each monthly predictor, whereby statistical significance at P ≤ 0.05 was tested using a bootstrap procedure (Guiot, 1991) . Results from MRF were weaker than MCF; therefore, we only used results from MCF for our study.
Meteorological data were obtained from the meteorological station inCeské Budéjovice. This station is situated close to the studied sites (21, 28 and 6 km from Sites 3, 4 and 5, respectively).
RESULTS

Aerial photographs
Transition matrices (Fig. 1 ) showed significant differences among the proportions of VCTs during the three time periods (G-tests, P < 0.01) and among vegetation transition rates (G-tests, P < 0.001) at all sites. The results of these analyses can be classified into two alternative successional pathways. The first pathway corresponds to four of the five studied sites (Sites 1, 2, 3 and 4). The greatest vegetation change in the period from the 1930s until the 1970s was the increase in forest VCT at the expense of non-forest VCT. At the end of this period, the forest VCT reached its maximum extent at all four sites. Conversely, the period from the 1970s until the present day is characterised by a decrease in forest VCT. Such a decrease was not observed in non-forest/forest VCT at the majority of the sites because shrubs and trees spread simultaneously in marginal parts of the studied sites. The forest VCT was replaced most often by forest dieback or, less commonly, by non-forest/forest and non-forest VCTs. At two sites, non-forest/forest VCT changed to non-forest VCT. Generally, landscape metrics from the 1930s to today (Tab. II) revealed an increase in diversity of vegetation cover, demonstrated by an increase in the number of patches or patch richness. The percentage of like adjacencies of forest VCT increased between Periods 1 and 2 as forest patches expanded, whereas between Periods 2 and 3 it declined as a result of disaggregation of forest VCT due to forest dieback. Values of Shannon's evenness index revealed even distribution of area size among different VCTs rather than the dominance of a single VCT over the whole time of study. Only small increases and a generally low level of patch aggregation of a particular VCT indicated by contagion were recorded over the whole period of the study. At Sites 2, 3 and 4, progress of the contagion index during the entire study time corresponded to the opposite trend of Shannon's evenness index.
The second scenario, observed at Site 5, corresponded to an increase in forest, over the whole study period, without any sign of forest dieback. In comparison with the other sites, landscape metrics revealed a decrease in the diversity of vegetation cover (i.e., a decrease in the number of patches). Continuous overgrowth by forest at the site indicated an increase in the percentage of like adjacencies of forest VCT and a decrease in Shannon's evenness index over the whole study period. A high level of patch aggregation, calculated by contagion, was recorded in the last period. A comparison of the extent of drainage channels in time (Fig. 2) showed a decreasing trend in Sites 1 (G-test = 16.2, P < 0.001), 2 (G-test = 4.5, P = 0.034), 3 (G-test = 6.2, P = 0.013) and 4 (G-test = 163.5, P < 0.001). No significant changes were recorded at Site 5 (G-test = 0.1, P = 0.824).
Dendrochronology
The recorded age of trees (i.e., maximum sample length) was more than 100 y in all sites, but the mean sample length differed among sites (Tab. III). A lower mean sample length (namely in Site 5) was caused by decay. Selected trees showed different levels of radial growth among sites; the mean treering width ranged from 1.7 mm (Site 5) to 4 mm (Site 3) (Tab. III).
The values in Table III summarise evidence for the high statistical quality of site chronology obtained. Each site chronology had high values of mean sensitivity, MS, for the total ring (0.38-0.41), relatively low first-order autocorrelation, AC (0.52-0.74) and a good common signal expressed by the signal-to-noise ratio, SNR (6.44-10.82). This was in agreement with values of population chronology, APC (0.87-0.92), variance in the first eigenvector, VFE (48.20-55.15) and mean correlations among trees, MCT (0.44-0.48). In spite of high statistical quality within site chronologies, chronologies 3, 4 and 5 exhibited no cross-coincidence (Tab. III, Fig. 3) . A remarkably regular pulse of increment specific to each site was shown in the chronologies at Sites 4 and 5. At site 3, the chronology exhibited a relatively regular pulse only in (Fig. 3) . Calculated pointer years were also site-specific, as indicated in Figure 4 . CF and RF analyses provided significant but weak correlations between climate and growth for the whole period, 1918-2004. The negative influence of high July/August precipitation and the positive influence of high August temperatures were recorded at Site 4. The negative/positive influence of high October precipitation/temperature of the previous year was found at Site 5, whereas no climate-growth correlations were determined at Site 3 (Tab. IV).
A climate-growth relationship resulting from the MCF analysis is depicted in Figure 5 . The response to August precipitation/temperature at Site 4 was temporally stable. Higher temperatures and lower precipitation resulted in an increase in radial increment that month. Moreover, a positive correlation with January and the previous November's precipitation was recorded in the 1950s-1970s. At Site 5, the influence of the previous October's precipitation/temperature on the growth of tree-ring width was temporally unstable but strong. The radial growth was negatively correlated with October's low precipitation and high temperatures. The negative response to January's high temperature and the positive response to March's high temperature were recorded from the end of the 1980s. At Site 3, a climate-growth relationship was detectable only from the end of the 1970s (positive June/negative July precipitation). Accordingly, CF and MCF analyses did not detect any strong uniform influence of climate on tree growth at Sites 3, Eckstein and Bauch (1969) . 1918 1923 1928 1933 1938 1943 1948 1953 1958 1963 1968 1973 1978 1983 1988 1993 1998 2003 proportion of trees 4 and 5. The only trend was the common negative sensitivity to high July precipitation from the end of the 1970s (Fig. 5 ).
DISCUSSION
Vegetation changes and successional trends
Our research has shown that the studied sites of alder stands that were mainly used as managed grasslands in the second half of the 18th century and in the 19th century were overgrown by forest between the 1930s and the 1970s. This is the result of great changes in agriculture management that took place in the Czech lands. At that time, wetland areas that had previously been cultivated with great effort were left to spontaneous development (Lipský, 1995) . On a local scale, Falińska (1991) situates the moment of the formation of young alder woods between 30 and 45 y after abandonment. Similarly, Smit and Olff (1998) recorded that Alnus glutinosa started to be dominant after 20 y of grassland abandonment. This corresponds to the results of our study, in which the first alder stands were recorded after 20 y on previously non-forest area (Fig. 1) . Landscape metrics indicated forest and bush expansion, characterised by an increase in stand aggregation at all sites between the 1930s and the 1970s. A previously wellbalanced distribution of particular VCTs changed to a more homogenous vegetation cover dominated by non-forest/forest and forest at most sites. Particular differences in landscape metrics among sites correspond to different starts of succession and times of aerial photograph sensing. Increase in stand aggregation during the expansion of A. glutinosa can be facilitated by its limited range of wind dispersal. Wind dispersal and seedling establishment were recorded at a maximal distance of 60-150 m from the mature alder stand (Cluzeau, 1992; McVean, 1955) . In accordance with this finding, Cluzeau (1992) and McVean (1956a) described expansion of A. glutinosa to a eutrophic treeless swamp as a stepwise process determined by the mean distance of seed dispersion and the age at maturity.
Since the 1970s, a diachronic analysis of aerial photographs showed different successional pathways at Sites 1, 2, 3 and 4, on the one hand, and at Site 5, on the other hand. Large parts of alder stands at Sites 1, 2, 3 and 4 have experienced forest dieback, which resulted in an increase in diversity of vegetation cover followed by a decrease in patch aggregation of forest at these sites (Fig. 6a) . In contrast, a homogenisation of vegetation cover, connected with an increase in forest patch aggregation and continual increase in forest stands, was observed at Site 5 (Fig. 6b) . We explain the different directions of succession by means of local site conditions, and concretely by the groundwater level dynamic. Forest dieback recorded at Sites 1, 2, 3 and 4 was related to a decrease in the extent of drainage channels, caused by silting and wearing out of unused ditches. We conclude that these silting processes resulted in a rise in the groundwater table and consequent dieback of the A. glutinosa trees. In accordance with our study, Brock et al. (1989) and Stančík (1999) recorded a similar dieback of alder carr, caused by changes in the soil moisture regime over time, due to regulation of water level by means of drainage channels. Several other studies have reported that a rise in water level was an important reason for A. glutinosa dieback. Janssen et al. (1995) described dieback of forest dominated by A. glutinosa as the consequence of changes in flow-charge river activity. Gorzelak (2000) planted in low water table conditions as a consequence of an abnormal increase in the water level.
At Site 5, a different successional pathway, without extensive dieback, can most likely be explained by the maintenance of drainage channels, since no significant changes to the extent of the drainage channels were recorded. Drainage channels have been maintained on site 5 for economic reasons. The locality has served as a pheasantry from the end of the 19th century to the present.
Growth responses of Alnus glutinosa to environmental conditions
Descriptive statistics indicated that the quality of site chronologies of A. glutinosa was comparable with the other chronologies of broad-leaf trees from the temperate zone of Europe (Dittmar et al., 2003; Lebourgeois, 2004; 2005; Rozas, 2005) . As these chronologies showed, MS (which expresses the relative variability in growth indices between adjacent rings) usually reaches 0.18-0.39. High values of MS (usually 0.18-0.39) may suggest a higher sensitivity of A. glutinosa to environmental factors in comparison with other tree species. AC, which indicates a dependence of current growth on the previous year's growth, normally ranges between 0.5-0.79 and thus corresponds with our results. Similarly, statistics reflecting the common growth variation in the individual ring-width series coincided with normal ranges: SNR 5.1-18, VFE 30-58%, MCAT 0.2-0.64, APC 0.77-0.92 (Dittmar et al., 2003; Lebourgeois, 2004; 2005; Rozas, 2005) . We can conclude that tree-ring width of A. glutinosa was sufficiently sensitive so as to reflect the signal of exogenous factors; our detected values for A. glutinosa were usually in the middle or higher range of the chronology statistics.
There were no synchronisations of growth variability among the studied sites (Tab. III, Fig. 3 ) and there were weak similarities among site pointer years (Fig. 4) . At the same time, no common coincident responses to climatic factors were recorded for the period 1918-2004 at sites situated in the same region (Sites 3, 4 and 5). Usually, climate was observed as the key unifying factor determining the growth variability within a large geographical range in stands of mesophilous and dry forests (e.g., Baillie, 1995; Peterson and Peterson, 2001 ). However, several dendroclimatological studies showed a relatively weak relationship between the annual radial growth of trees and the climate in wetlands, characterised by specific and changeable local conditions (Dang and Lieffers, 1989; Linderholm, 1999; Linderholm and Leine, 2004) . We suggest that the growth of A. glutinosa has been affected mainly by local environmental factors, which may also have modified growth responses to key climatic variables over time. These results correspond to the assertions of Laganis et al. (2008) that radial growth of A. glutinosa seemed to be relatively indifferent to temperature and precipitation fluctuations. Similarly, and in accordance with our results, Laganis et al. (2008) and Levanič (1993) considered local factors, namely, water conditions (i.e., river water level), as the most important factor for the growth of A. glutinosa.
Because all sites of alder stands were situated in the immediate vicinity of fishponds on historically drained wet grasslands, it is probable that development of the alder stands was influenced by both fishpond management (water discharge, silt removal, reconstruction of fishpond dams, etc.) and changes in the extent of artificial drainage channels. These assumptions were supported by the following observations. Firstly, human interventions may explain noticeable irregular depressions in the mean radial increment observed in the mean chronology from Site 4. Silt removal and reconstruction of a dam on an adjacent fishpond, which likely increased the level of the groundwater table during the vegetation season, correspond to rapid decreases in radial increment in 1965, 1978 and 1984 + 1985, respectively (see Fig. 3 ). Similar depressions and increases in the series were also observed at Site 5, which were probably responses to regular maintenance of drainage channels (see Fig. 3 ). Schweingruber (1996) mentioned an analogous growth response to periodic maintenance of drainage channels. A lowering of the water level due to repeated draining clearly resulted in episodic tree-growth release of Picea abies on a peat bog. Linderholm (1999) discovered that renewal of drainage channels caused an instant increase in annual tree-ring growth of Pinus sylvestris for approximately 10 y on peat bogs in south and central Sweden. Analogously, MacDonald and Yin (1999) recorded growth releases of Larix laricina and Picea mariana after drainage of wetlands. Secondly, a decrease in artificial drainage (which conditioned the rise of the groundwater table at the sites) could explain the recorded temporal instability of the relationship between radial growth and climate at all sites. We believe that the increase in waterlogging probably unified the growth response of A. glutinosa to the climate among the sites (Sites 3, 4 and 5). A change in the growth reaction of trees to the climate due to an increase in water level in the wetlands was also recorded by Linderholm and Leine (2004) . Tree growth became less dependent on temperature in their study. We recorded an increase in negative sensitivity to high July precipitation from the end of the 1970s at all sites (Fig. 5) . However, at Site 5, this effect was less pronounced. The low sensitivity to high July precipitation at Site 5 could be attributed to the fact that the process of waterlogging was retarded there by partial maintenance of drainage channels, although the site was overgrown by forest. This maintenance work probably also prevented Site 5 from dieback, as was discussed above. 
Mechanisms of growth limitation and dieback of Alnus glutinosa
The water regime of wetlands is a trigger factor for growth limitation of A. glutinosa. An increase in the water table causes oxygen stress (Dittert et al., 2006; Iremonger and Kelly, 1988) , a decrease in nitrogen fixation, a reduction in water and nutrient uptake (Iremonger and Kelly, 1988; McVean, 1956b) , an increase in levels of toxic minerals in the soils (Lucassen et al., 2006) , a decrease in the rate of photosynthesis (Eschenbach and Kappen, 1999) , and also root damage (Glenz et al., 2006; McVean, 1956b) . All these processes are associated with lower tree-ring increments and could lead to tree dieback.
We propose the following explanation of the mechanism for the dieback of alder carr recorded in this study. First, A. glutinosa spread over wet grasslands with drained soils following the abandonment of management practices. Subsequently, as a result of silting the drainage channels, trees of A. glutinosa were stressed and died due to the increase in groundwater levels. The following physiological and genetic hypotheses were suggested to explain the growth depression of swamp trees in unstable water conditions: (1) Keeland and Sharitz (1997) found that inundation of sites during the vegetation season of three flood-tolerant tree species (Taxodium distichum, Nyssa aquatica and N. sylvatica) caused root deterioration, whereas trees growing from juveniles to adults on a permanently waterlogged area developed roots adapted to high water levels; these trees survived inundation during the vegetation season without damage. Other studies have also supported the idea that swamp trees produce roots adapted to waterlogging in soils constantly saturated by water (e.g., Keeley, 1979; Megonigal and Day, 1992) ; (2) according to Keeley (1979) , different levels of tolerance to high water levels were associated with different seedling phenotypes of an opportunistic Nyssa sylvatica, which occurs at sites along a soil moisture gradient, from non-flooded sites to permanently waterlogged swamps. The phenotype grown at drain sites was weakly tolerant to high water levels and its root system was deteriorated. In contrast, the swamp phenotype was quite tolerant to waterlogged soils.
In our study, A. glutinosa originally recruited on drained soils have died since the 1970s, probably due to deterioration of non-adapted roots under the long-term, increased water level. An imbalanced root/shoot ratio causes development of internal water and nutrient stress and whole-plant senescence (Tschaplinski and Blake, 1985) . Several morphological and anatomical adaptations to waterlogging were described for A. glutinosa: production of adventitious roots, formation of hypertrophied lenticels and aerenchyma formation (e.g., Glenz et al., 2006; McVean, 1956b) . Black alder commonly develops a deep-rooting system (McVean, 1956b) , which enables the trees to be more drought-resistant. On the other hand, some authors mention the development of a shallow root system in A. glutinosa in waterlogged stands (Dittert et al., 2006; McVean, 1956b) . However, it is a question for more detailed research as to the degree these root morphs result from individual plastic responses to an unfavourable environment and to what extent they have some genetic background (see Liepe, 1990 ).
CONCLUSIONS
We successfully combined different methods -i.e., historical maps, aerial photographs and dendrochronology -to investigate the development and growth limitation of A. glutinosa-dominated forests at waterlogged sites. The results of this study demonstrated that secondary succession from wetland grasslands to alder carr was influenced by groundwater level. The currently observed dieback of these forests was obviously linked to the malfunction of historical drainage systems. We also established site chronologies of A. glutinosa, which has been a subject of marginal interest to dendrochronologists so far. Studies directed at secondary succession and tree growth limitation in wetlands are needed to understand the processes influencing recent widespread and spontaneous overgrowth of these habitats by A. glutinosa. We formulate the following challenge for subsequent research so as to clear up the objective limitations of our present study: the next studies should be oriented to a comparison of succession pattern and growth limitation of A. glutinosa-dominated forests in various parts of Europe. Direct measurements of water level would provide deeper knowledge about growth limitation. Moreover, other factors that drive secondary succession, such as disturbances, pathogens, herbivory or dispersal limitation should be analysed in those studies. Also, physiological or genetic explanations of dieback of adult trees should be the subject of future research.
